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Abstract — Temperature rise and specific absorption rate
distribution in a human head due to electromagnetic
energy produced by an adjacent antenna are evaluated.
An algorithm proposed in this paper provides these
distributions at multiple frequencies using a single
simulation. The head tissue parameters are used from
the available three-term Debye coefficients obtained
by the experimental data from 500 MHz to 20 GHz. The
proposed algorithm is developed by integrating the
Debye model of human head tissues parameters into
the finite-difference time-domain method by using the
auxiliary differential equation approach along with the
use of bioheat equation for specific absorption rate and
temperature computations.

Index Terms — Dispersive material, FDTD method,
Specific Absorption Rate (SAR), temperature rise.

I. INTRODUCTION

Many researchers have studied the temperature rise
and specific absorption rate (SAR) distribution in the
human head due to electromagnetic (EM) radiation
produced by cellular phones with different types of
antennas [1-8] using the nondispersive algorithm based
on the finite-difference time-domain (FDTD) method. In
the previous work [1-8],the SAR computation for a human
head was conducted at only one frequency of interest
using a single simulation because of the depressiveness
properties of the biological tissue. Therefore, the thermal
analysis and SAR computation for multiple frequencies
was not integrated into the nondispersive algorithm
because the EM properties of the biological tissues are
dependent on frequency.

In this paper, a dispersive algorithm is developed to
obtain SAR and temperature distributions at multiple
frequencies of interest from a single FDTD simulation.
The dispersive algorithm is based on the integration of
Debye tissue model into the FDTD method using the
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ADE as presented in [9] along with the Pennes bioheat
equation from [10]. The dispersive EM properties of
the human head tissues for a wide range of frequencies
(500 MHz to 20 GHz) used in this investigation are
based on the three-term Debye coefficients (the relative
permittivity of medium at infinite frequencies, the static
relative permittivity, and the relaxation time) calculated
and tabulated in [11]. The dispersive algorithm provides
the temperature rise and SAR distribution in the head
at multiple frequencies of interest in a single FDTD
simulation.

The simulation procedure of the dispersive algorithm
can be achieved in the following steps: 1) EM simulation
of the dispersive head model using the FDTD method
due to a multi-frequency source; 2) computation of the
steady-state SAR distribution due to the EM simulation
at the frequencies of interest; 3) computation of the
steady-state temperature distribution using the bioheat
equation when SAR=0; and 4) computation of the final
temperature distributions at the frequencies of interest
by substituting the steady-state SAR distribution in the
bioheat equation. Finally, the difference of the final
and steady-state temperature distributions in the head
gives the temperature rise distribution. As expected, the
computed temperature rise and SAR in the head are
found to be different for different frequencies because of
the frequency dependent of the biological tissues EM
parameters. The temperature rise in the head due to the
antenna is insufficient to cause a remarkable change on
EM parameters of head tissues.

To prove the validity of the developed algorithm, the
radiation from an antenna is evaluated in the presence
of a heterogeneous head model obtained from [12].
The temperature rise and SAR distributions in the head
at multiple frequencies centered around 900 MHz and
1.5 GHz are obtained using multiple simulations using
the traditional nondispersive algorithm as well as using
a single FDTD simulation based on the developed
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algorithm. Furthermore, in order to show the effect of
distance between the head model and the antenna, the
maximum temperature rise and SAR in the head are
calculated for a set of separation distances. This work
will facilitate the future interaction between a human
head and EM plane waves produced by 5G base stations.

I1. MODEL AND METHODS

A. Human head model

The realistic and heterogeneous head model used in
this work has been constructed from a ZUBAL MRI
head phantom [12]. MATLAB is used to read and
resampled the head data which consists of 8 tissues,
including skin, muscle, bone, blood, fat, lens, and
white and grey matter. The head model consists of
86(width)x110(depth)x120(height) cubic cells. In order
to ensure the numerical stability in the FDTD method, a
cell dimension should be less than A,,;,/10, where A,
is the wavelength of the highest frequency in free space.
The cell size used here is 2 mm in the three Cartesian
directions. The time step is restricted by the Courant
stability criterion.

B. Dispersive head tissues
The head model used in this paper consists of eight
dispersive tissues. A numerical procedure developed in
[11] provides two-term and three-term Debye coefficients
to accurately fit the experimental data from [13] for the
head tissues for the frequency range 500 MHz to 20 GHz.
The three-term Debye coefficients of the head tissues
used in this work are given in Table 1. The complex
relative permittivity (e;(w)) for three-term Debye
coefficients is given [11] as:
3
g (w)=¢, +Zi ' 1)
a1+ jor,
where &, is the relative permittivity at infinite
frequencies, g, and t,, are the static relative permittivity
and the relaxation time of the kth term, respectively.

Table 1: Three-term Debye parameters of head tissues
for the frequency range 500 MHz to 20 GHz

Tissue € | A&y | Agy | Agg | T1lps] | T2lps] | T3[ps]
Skin 4.136(32.51(2.499(125.6| 7.248 | 527.2 | 1.380
Fat 2.994(2.467(6.066 |31.39| 3.970 | 7904 | 3.739
Bone [3.532|4.992|12.47|34.85|5.811|133.5(1.172
Blood [5.939|46.72|8.064|693.1| 7.203 | 125.2 | 4.387
Muscle |5.896|45.70(2.956|324.1| 6.474 | 139.0 | 3.443
Lens |5.415|32.56(8.388|304.1|6.719 | 106.3 | 3.909
W. Matter|5.338|30.04 {2.090 | 70.50| 7.181 | 225.7 | 1.156
G. Matter [ 5.380(42.16|2.754 | 137.1| 7.187 | 224.6 | 1.399

C. FDTD method and antenna

The proposed dispersive algorithm and the
nondispersive algorithm are used to analyze the
interactions between the human head model and an
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antenna as a wave source. The antenna is placed 24 mm
away from the right ear of the head model and excited by
a voltage source with a Gaussian waveform containing
the frequencies of interest. The width and time delay of
the Gaussian waveform are set to T=50 ps and 4.5T,
respectively [9]. In this work, CPML [14] absorbing
boundaries are applied at the borders to truncate the
problem domain.

D. SAR calculation in the head
The FDTD method is used for the computation of
the SAR which is used in the temperature rise calculation.
The average electric (E) field components at the center
of each cell for all frequencies of interest are determined
by using the discrete Fourier transform during the FDTD
time-marching loop. Once the FDTD time-marching loop
is completed, the amplitudes of the E field components
are used for the calculation of the steady-state SAR
distribution at each frequency of interest. The calculated
steady-state SAR at each frequency of interest is
considered the EM heat source and is used in the
temperature rise calculation of the head. The SAR is
defined at a given location as:
SAR(i, j,k):%(\g(i, ik +[E, G, j,k)\z+\Ez(i, j,k)\z),
)

where o (i, , k) and p(i, j, k) are the electric conductivity
and mass density [kg/m?®] of the tissue at a given location,
respectively. In Equation (2), an averaging of E,, E,,, and
E, is performed to obtain the corresponding values at the
exact location of interest. The computed SAR distribution
is normalized to the antenna output power. For calculating
the peak SAR over 1 gram of tissue in the head, the IEEE
standard C95.3-2002 is considered [15].

E. Temperature rise calculation in the head
When the steady-state SAR distribution in the head
is computed, the thermal simulation is performed by
solving the bioheat equation [10] which consists of two
simulations: In the first simulation, the temperature
distribution in the head is calculated by using the bioheat
equation without EM power (i.e., SAR=0) during the
thermal time-marching loop. This calculation is carried
out until the convergence is reached. The calculated
temperature distribution is considered as the steady-state
temperature distribution in the head. In the second
simulation, the final temperature distribution is calculated
by substituting the obtained steady-state SAR distribution
into the bioheat equation. The temperature rise distribution
is achieved by taking the difference between final and
steady-state temperature distributions.
The bioheat equation is given by:
p-C~%= K-V’T+p-SAR-B-(T-T,): (3
where T is the temperature of the tissue at time t, p is the
mass density of the tissue [kg/m?®], C is the heat capacity



of the tissue [J/(kg-°C)], K is the thermal conductivity
of a tissue [J/(m-°C)], B is the blood perfusion rate
[W/(m3.°C)], and T, is the blood temperature.

Heat exchange [1] between the skin surface and air
is modeled by imposing the continuity of the heat flow
perpendicular to skin surface as a boundary condition.
The boundary condition applied to skin surface and also
internal cavity surface of the head is expressed as:

K-%z—h-(T—Ta): 4)
where T, is the air temperature, n is the unit normal
vector to the skin surface or internal cavity, and h is the
convection heat transfer coefficient [W/(m?-°C)].

During each thermal time-step, the bioheat equation
in (3) is applied to all tissues in the head and then the
boundary condition in (4) is applied to the skin surface
and internal cavity surface of the head. The temperature
is computed at the center of each cell with a spatial step
d equal to that used in the FDTD simulation and a
thermal time-step equal to At. The discretized form of
the bioheat equation in (3) and the boundary condition in
(4) at mth thermal time-step with a cell indexed as (i, j,
k) can be written, respectively in (5) and (6) as:

At

Tm(i,j,k)+m-SAR(i, k)
e B T ]
T (i k)= At (%)

iichina ek
T"(i+L j,k)+T™(i, j+1k)

+T"(i, . k+1)+T™(1-1, j,k)
+T™(i, j-1k)+T™ (i, j,k=1)-6T" (i, j.k)
Tmﬁ(i,j,kmin):K.T (I,j,kmin +1)+Ta.h.d . (6)

K+h-d K+h-d

The finite-difference approximation of the boundary
condition in (6) computed at the skin/air interface is
given only for the z-direction, which is normal to the skin
surface of the head. Similarly, this approximation can be
applied to x- and y-directions which are normal to the
skin surface of the head. The convection heat transfer
coefficients (h) is set to 10.5 [W/(m?-°C)] from the skin
surface to air and 50 [W/(m?-°C)] from the internal
surface to the internal cavity [1]. Table 2 gives the mass
density (p) and thermal parameters (C, K, B) of the head
tissues [2, 5, 7]. The air temperature (T,;) and initial head
temperature (T},) in the simulations were set to 20 °C and
37 °C, respectively. In order to avoid the numerical
instability, the thermal time-step (At) is chosen to satisfy
the following criterion [1]:

2pCd?
" 12K +Bd?

(")

I1l. NUMERICAL RESULTS
In the first part of this section, the temperature rise
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and SAR distributions are obtained using the proposed
dispersive algorithm at all frequencies of interest in a
single simulation. In the second part, these distributions
are obtained using the nondispersive algorithm by
performing multiple simulations, each at a single
frequency. These two approaches were conducted to
compare results and to show the performance and
efficiency of the developed dispersive algorithm. Finally,
in the last part of this section, the performance of the
developed algorithm and the effect of distance from the
head model to the antenna on the SAR and temperature
rise are presented. In all simulations, the output power of
the antenna was set to 0.6 W for 900 MHz and 0.27 W
for 1.5 GHz as in [1].

Table 2: Mass density and thermal parameters of the
head tissues

Type of p C K B
Tissue [kg/m®] | [J/(kg.°C)] | [W/(m.°C)]| [W/(m3.°C)]
Skin 1125 3600 0.42 9100
Fat 916 3000 0.25 1700
Bone 1810 1300 0.40 1000
Blood 1058 3900 0.56 0
Muscle 1047 3800 0.50 2700
Lens 1100 3000 0.40 0
W. Matter 1038 3500 0.50 40000
G. Matter 1038 3800 0.57 40000
Air (internal) | 1.2 1000 0.03 0

A. Temperature rise and SAR distributions in the
head using the proposed dispersive algorithm

In order to provide solutions at multiple frequencies,
an antenna with at least two frequency bands is required
to radiate towards the head. Thus, a modified dipole
antenna of 156 mm length and 0.74 mm diameter is
modified by adding two passive wires replaced at a
distance of 4 mm at the two sides of a dipole antenna as
shown in Fig. 1. The diameter and length of the passive
wires are 1.56 mm and 88 mm, respectively. The center
operating frequencies of this loaded dipole antenna are
900 MHz and 1.5 GHz. The input reflection coefficient
(S11) and directivity pattern in the xy plane cut at 900
MHz and 1.5 GHz are shown in Fig. 2.

The temperature rise and SAR distributions of the
head due to the antenna are calculated at three frequencies
centered at 900 MHz and at three other frequencies
centered at 1.5 GHz using a single simulation. The
maximum 1 gram averaged SAR value in the head is
1.628 Watt/kg at 900 MHz and 1.068 Watt/kg at 1.5 GHz.
The SAR values calculated in this work are found to be
exactly the same as those values reported in [1]. Figure
3 shows the 1 gram averaged SAR distribution at 900
MHz and 1.5 GHz in the x-y cross section of the head
model. Figure 4 shows the resulting temperature rise
distribution at 900 MHz and 1.5 GHz in the x-y cross
section of the head model. The maximum temperature
rise in the head is 0.281 °C at 900 MHz and 0.149 °C at
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1.5 GHz. The maximum temperature rise calculated in
[1]is0.18 °C at 900 MHz and 0.15 °C at 1.5 GHz. There
is some small difference between our results and those
published in [1], mainly due to the fact that the head
model used in this paper is different and the head phone
set as a source in [1] is different from the dipole antenna
used in this paper. The maximum temperature variation
in the head as a function of time is shown in Fig. 7 at
870, 900, 930 MHz and 1.46, 1.50, 1.54 GHz. It can be
seen from Fig. 5 that the temperature increases rapidly
over the first 10 minutes, then temperature increase slows
down, and the maximum (steady-state) temperature is
reached after 32 minutes of exposure.

Dipole
antenna

Passive wires

Fig. 1. The dipole antenna loaded with two passive wires.
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Fig. 3. 1 gram averaged SAR distribution in the head at
(a) 900 MHz and (b) 1.5 GHz.
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Fig. 4. Temperature rise distribution in the head at (a)
900 MHz and (b) 1.5 GHz.
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Fig. 5. Maximum temperature rise in the head vs. time at
870, 900, 930 MHz and 1.46, 1.50, 1.54 GHz.

B. Temperature rise and SAR distributions in the
head using the nondispersive algorithm

In order to prove the validity of the proposed
dispersive algorithm, the temperature rise and SAR
distributions in the head are calculated at the same
frequencies listed in the above section, but using multiple
simulations using the nondispersive algorithm. The SAR
and temperature rise distributions obtained from these
simulations agree very well with the results obtained from
the single simulation shown in previous section. The 1
gram averaged SAR and temperature rise distributions
are shown in Fig. 6 and Fig. 7, respectively. The maximum
1 gram averaged SAR value in the head is 1.628 Watt/kg
at 900 MHz and 1.068 Watt/kg at 1.5 GHz. The maximum
temperature rise in the head is 0.281 °C at 900 MHz and
0.149°C at 1.5 GHz.
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Fig. 6. 1 gram averaged SAR distribution in the head at
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Fig. 7. Temperature rise distribution in the head at (a)

900 MHz and (b) 1.5 GHz.

C. Performance of the dispersive algorithm

For practical applications, it is always necessary to

expect results at multiple frequencies. The formulation
of the dispersive algorithm [9] is more complicated
than that of the nondispersive algorithm. However, the
dispersive algorithm can provide solutions at multiple
frequencies using a single simulation, whereas the
nondispersive algorithm can also provide solutions at
multiple frequencies but using multiple simulations. To
show the efficiency of the proposed dispersive algorithm,
the computation time of both algorithms is recorded for
results at six frequencies and are shown in Fig. 8. As
shown, when the number of frequencies of interest is
increased the dispersive algorithm is more efficient than
the nondispersive algorithm while producing exactly the
same results. The effect of distance between the human
head and the antenna on the SAR and the temperature
rise is also investigated. The maximum 1 gram SAR and
temperature rise at 900 MHz and 1.5 GHz are given in
Table 3 when the distance between the human head and
the antenna is changed.

Table 3: Distance effect on SAR and temperature rise

Max. Temp. Rise [°C]|Max. SARq [Watt/kg]

DIStance 1”900 MHz | 1.5 GHz |900 MHz| 1.5 GHz

28 mm 0.239 0.120 1.364 0.851

36 mm 0.174 0.080 0.965 0.568

44 mm 0.129 0.058 0.698 0.407

=
N

= * Proposed Dispersive Algorithm }: [ ]
S 9 | | Nondispersive Algorithm | |
(] T
£ 1 n
F 6
g v : *
§ ° |
1 2 3 4 5 6

Number of Frequency

Fig. 8. Comparison of the computation time performed
by both algorithms vs. number of frequency.

IV. CONCLUSION

An efficient algorithm is developed for the
computation of the temperature rise and SAR distributions
in a head model due to the radiation from a nearby
antenna operating at 900 MHz and 1.5 GHz. The maximum
temperature rise is 0.281 °C at 900 MHz and 0.149 °C at
1.5 GHz with antenna output powers of 0.6 W at 900 MHz
and 0.27 W at 1.5 GHz, respectively. The key contribution
here is the computation of the temperature rise and SAR
distributions at multiple frequencies in a single FDTD
simulation. Remarkable saving in computation time is
achieved when the analysis is performed at more than
one frequency.
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